Abstract Twin and family studies had shown that genetic factors are important determinants of bone mass. Multiple genes might be involved. One candidate gene, the reversion-induced LIM gene (RIL), is a PDZ and LIMdomain-containing protein and has been localized within the cytokine cluster of chromosome 5 (5q31.1). In a genetic study of 370 adult Japanese women, we investigated the correlation between radial bone mineral density (BMD) and a genetic variation ()3333T fi C) of the 5'-flanking region of RIL gene. A significant association was identified between the RIL variation )3333T fi C and radial BMD (r=0.15, P=0.003). The variation of the RIL locus may be an important determinant of osteoporosis.
Introduction
Osteoporosis is a multi-factorial common disease that is characterized by reduced bone mass and increasing risk of fracture. Genetic and environmental factors play important roles in the determination of bone mineral density (BMD) (Hirota et al. 1992; Suleiman et al. 1997; Pocock et al. 1987; Krall and Dawson-Hughes 1993) .
Previous studies have examined associations of candidate gene polymorphisms with BMD. Examples are the genes encoding the vitamin D receptor, the estrogen receptor, the apolipoprotein E and type I collagen, combinations of which may determine individual BMD levels (Morrison et al. 1994; Melhus et al. 1994; Greenfield and Goldberg 1997; Kobayashi et al. 1996; Shiraki et al. 1997; Uitterlinden et al. 1998) . In addition to these makers, numbers of unidentified polymorphic genes may participate in determining the bone mass of an individual. Candidates might be genes involved in cytokine-signaling pathways, the hormonal regulation of calcium balance and bone mineral, or the cellular function of bone cells.
One possible candidate gene localized within the cytokine cluster of chromosome 5 (5q31.1) is the reversion-induced LIM gene (RIL), whose mRNA expression in human bone marrow stromal cells has been strongly detected in a previous study (Bashirova et al. 1998) . Although its exact function is not defined as yet, an involvement of osteoblast development/function is implicated.
In this study, we have carried out a correlation study of genetic variations in RIL gene for radial BMD levels. Involvement of an RIL gene polymorphism was tested with respect to the regulation of BMD.
Subjects and methods
32-69 years) and 23.7±3.61 kg/m 2 (range: 14.7-38.5 kg/m 2 ), respectively. All subjects were non-related volunteers and gave their informed consent prior to the study. No participant had medical complications or was undergoing treatment for conditions known to affect bone metabolism, such as pituitary diseases, hyperthyroidism, primary hyperparathyroidism, renal failure, adrenal diseases or rheumatic diseases, and none was receiving estrogen-replacement therapy.
BMD measurement
The BMD of radial bone (expressed in g/m 2 ) in each participant was measured by dual energy X-ray absorptiometry (DEXA) with DTX-200 (Osteometer Meditech, Hawthorne, Calif., USA). To calculate the adjusted BMD, the measured BMD was normalized for differences in age and BMI by multiple regression analysis with the Instat 3 software package (GraphPad Software, San Diego, Calif.). The adjustment equation for the study samples was as follows:
. BMD in the distal radius was measured according to the Guidelines for Osteoporosis Screening in a health check-up program in Japan (Orimo et al. 2000) . Although radial bone is not a first-choice measurement site for BMD in this program, we took advantages of radial BMD that represented the quality of both cortical bone thickness and cancellous bone volume when the distal part near the wrist joint was measured. This is suitable for dealing with large number of study participants and is rarely affected by old fractures, degenerative changes, or deformities.
Genotyping procedure
Genotypes of single-nucleotide polymorphisms (SNPs) were determined by using the SNP-dependent polymerase chain reaction (Sd-PCR) method, a refined allele-specific PCR to discriminate polymorphic sequences as described previously (Iwasaki et al. 2003) . In brief, Sd-PCR transforms nucleotide differences (G, A, T, or C) between two alleles at a single site into size-differences between the respective alleles. The procedure incorporates double-nucleotide mismatches at the 3' end of polymorphic (forward) primers representing each allele, one mismatch corresponding to the natural SNP to be tested and the other being designed to allow distinct allelic discrimination through the almost exclusive amplification of one allele over the other. Two allele-specific primers (AS-primers) and one reverse primer were prepared per SNP as follows: RIL-FL: 5'-TTTTTGGGGCCTGGATCTGGCTCTTCGGAC-3', RIL-FS: 5'-CCGGCCTGGATCTGGCTCTTCCCAT-3', RIL-RS: 5'-GTTTAGCTGTGGCCACTGGGTAT-3'. The AS-primers (long and short) had a 5-base difference between them; each had the polymorphic nucleotide of the SNP sequence at the 3' ends and an additional artificial mismatch introduced near the 3' end. These primer sets allowed the distinct discrimination of alleles. Each genomic DNA sample (10 ng) was amplified with 250 nM each primer (two polymorphic forward primers and one reverse primer) in a 10-ll reaction mixture containing 10 mM dNTPs, 10 mM TrisHCl, 1.5 mM MgCl 2 , 50 mM KCl, 1 U Taq DNA polymerase, and 0.5 mM fluorescence-labeled dCTP (ROX-dCTP; Perkin-Elmer, Norwalk, Conn., USA; Nakazawa et al. 2001) . The Sd-PCR reaction was carried out on a thermal cycler (Gene-amp system 9600, Perkin-Elmer) with initial denaturation at 94°C for 4 min, followed by five cycles of stringent amplification (94°C for 20 s, 64°C for 20 s, 72°C for 20 s) and then 25 cycles of 94°C for 20 s, 62°C for 20 s, 72°C for 20 s), terminating with a 2-min extension at 72°C . Allele discrimination was carried out by electrophoresis and laser scanning of the DNA fragments on an ABI Prism 377 DNA system with GeneScan Analysis Software ver2.1 (Applied Biosystems, Foster City, Calif.; Hattori et al. 2002) . To confirm the accuracy of the Sd-PCR method, direct re-sequencing was carried out by using the ABI Prism BigDye Terminator system (Applied Biosystems).
Statistical analysis BMD data of each subject were normalized with age and BMI, by means of Instat 3 software package (GraphPad Software, San Diego, Calif.) via multiple regression analysis. Quantitative association between genotypes and adjusted BMD values (g/m 2 ) was analyzed via one-way analysis of variance (ANOVA) with regression analysis as a post hoc test. Three genotypic categories of each SNP were converted into incremental values (0, 1, and 2) corresponding to the number of chromosomes possessing the minor allele. Significant association was defined when the given P-value of the ANOVA F-test was less than 5% (P<0.05; Ota et al. 2001) . To ascertain the Hardy-Weinberg equilibrium among genotypes of the subjects, the chi-squared test was used (P>0.05).
Results
BMD association of the RIL gene locus was examined with RIL as one of the likely candidates for osteoporosis susceptibility genes. We first examined the polymorphic nature of a promoter SNP, )3333T fi C, localized )3333 bp upstream from the translation initiation site of RIL and archived in the Japanese SNP (JSNP) database (referenced contig; NT_007072.10 from GenBank, Hs 79691 from Unigene) in 32 chromosomes of Japanese subjects. The SNP from the JSNP database turned out to be moderately polymorphic in the test population. Genotypes of the SNP were determined for all the 370 subjects, and an ANOVA with a linear regression test was performed. The distribution of SNP genotypes of the RIL gene in our subjects fitted the expectations of the Hardy-Weinberg equilibrium based on allele frequencies (chi-squared test, P=0.99).
The 5' flanking SNP )3333T fi C revealed a significant correlation with a variation in radial adjusted BMD (r=0.15, P=0.003, n=370). The homozygous T-allele carriers had the lowest adjusted BMD (0.370±0.053 g/cm 2 , n=14), heterozygous individuals had an intermediate adjusted BMD (0.391±0.054 g/cm 2 , n=116), and homozygous C-allele carriers had the highest adjusted BMD (0.404±0.055 g/cm 2 , n=240), implying an allelic dose effect of this variation on influences on BMD (Fig. 1) . The results suggest that genetic variation in RIL contribute to the development of osteoporosis. We hypothesized that the T-allele homozygote for RIL )3333T fi C SNP is an important risk factor for decreased BMD in adult women.
Discussion
In the work reported here, we showed an association of the )3333 T/C SNP variation in the promoter region of the RIL gene with radial BMD in a population of adult Japanese women. Adjusted BMD was lowest in T/T homozygotes, intermediate among heterozygotes, and highest among C/C homozygotes in the test population. The data implied that variation in the 5' flanking region of the RIL gene might have affected bone metabolism in these women, eventually introducing a variation in BMD. A lowered BMD in adult women could be a result of the reduced acquisition of bone mass before maturation and/or accelerated bone loss.
Originally, the RIL gene was identified, in rat fibroblasts, as a candidate tumor suppressor gene that encodes a PDZ and LIM-domain-containing protein (Kiess et al. 1995) . PDZ and LIM-domain-containing proteins (PDZ-LIM proteins) are a class of LIM-domain proteins. The proposed function of PDZ-LIM proteins is related to the organization of the plasma membrane of polarized cells, based on the indicated function of both domains in protein-protein interactions and the subcellular localization of these proteins in a specific domains of plasma membrane by binding to F-actin and related cytoskeleton structures (Boden et al. 1998; Cuppen et al. 1998) .
Structural similarity (identity: 27%) of the RIL protein to the other member of the PDZ-LIM protein family, LIM mineralization protein-1 (LMP-1, also known as ENIGMA), implies a functional resemblance of these gene products. LMP-1 is induced by bone morphogenetic protein-6 and may mediate the regulation of the osteoblast differentiation program (Boden et al. 1998) . Similarly, RIL might be involved in the regulation of osteoblast differentiation and bone formation. Functional studies of genetic variation(s) in the RIL gene will be required to elucidate these problems. Of course, one possibility that cannot be ruled out is that this variation may itself be in linkage disequilibrium with other unmeasured functional variants that lie at or near the RIL locus and that represent the true mechanistic basis for the associations. The RIL gene is localized within the cytokine cluster of chromosome 5. Genetic variations of this region may have to be evaluated thoroughly. In addition, functional studies may also be required. Other genes in the same signaling cascade also need to be scrutinized to clarify the molecular mechanism for PDZ-LIM domain family regulation in osteoblast differentiation.
In summary, we have shown a significant association of the )3333T fi C variant in the 5' flanking region of the RIL gene with radial BMD in adult Japanese women. 
